Mononuclear and multinuclear platinum complexes are known to induce distinct types of DNA lesions and exhibit different profiles of antitumor activity, in relation to p53 mutational status. In this study, we investigated the cellular effects of exposure to two platinum compounds (cisplatin and the multinuclear platinum complex BBR 3464), in the osteosarcoma cell line, U2-OS, carrying the wild-type p53 gene and capable of undergoing apoptosis or cell cycle arrest in response to diverse genotoxic stresses. In spite of the ability of both compounds to up-regulate p53 at cytotoxic concentrations, exposure to BBR 3464 resulted in cell cycle arrest but only cisplatin was capable of inducing significant levels of apoptosis and phosphorylation at the Ser15 residue of p53. The cisplatin-induced protein phosphorylation, not detectable in cells treated with BBR 3464, was associated with RPA phosphorylation, a specific up-regulation of Bax and downregulation of p21 WAF1 . Cells treated with BBR 3464 displayed a different cellular response with evidence of cytostasis associated with a high induction of p21 WAF1 . The regulation of p21 WAF1 after cisplatin or BBR 3464 exposure required a p53 signal, as documented using stable transfectants expressing a dominant-negative form of p53 (175 his ). Taken together, these results indicate that cellular response to different genotoxic lesions (i.e. apoptosis or growth arrest) is associated with a specific recognition of DNA damage and a different p53-mediated signaling pathway. Multinuclear platinum complexes could be regarded as useful tools for investigating the p53-mediated process of cell cycle arrest in response to DNA damage.
Introduction
The multinuclear platinum compound BBR 3464 exhibits unique DNA binding characteristics 1 and the profile of DNA adduct formation by BBR 3464 is distinctly different from that of cisplatin.
2 Surprisingly, the multinuclear platinum complex BBR 3464 is more effective than cisplatin in tumor cells lacking a functional p53, thus suggesting a different role of p53 in cellular response to peculiar drug-induced DNA lesions. In particular, the introduction of a wild-type p53 gene in a p53-null tumor cell line (SAOS) increases the sensitivity to cisplatin, but reduces the cytotoxic effects of BBR 3464. 3 The tumor suppressor gene p53 is a multifunctional transcriptional regulator, which plays a critical role in coordinating cellular response to DNA damage. 4, 5 The best known functions of p53 are regulation of cell cycle progression and induction of apoptosis. 6, 7 P53 itself has been implicated in detection of the DNA damage either alone or in cooperation with other factors. 8, 9 Modulation of p53 activity in response to DNA damage involves post-translational modifications including phosphorylation. 10, 11 In particular, phosphorylation at Ser15 is induced by genotoxic stresses including UV and ionizing radiation. 12 ± 14 The final outcome of p53 activation and the cellular fate following DNA damage appear to depend on a variety of cell type-specific factors that modulate the signaling pathways. However, the molecular mechanism underlying the control of a cellular decision between cell cycle arrest and apoptosis in response to genotoxic stress is still unknown.
The present study was undertaken with the aim to better understand the role of p53 in response to different types of DNA damage induced by platinum compounds. The study was performed in a human osteosarcoma cell line (U2-OS) carrying a wild-type p53 gene and known to undergo p53-dependent apoptosis or growth arrest induced by different types of radiation. 15 The results indicated that, in contrast to cisplatin which induced an apoptotic response, the treatment with the multinuclear complex resulted in cell cycle arrest and cytostasis. Cisplatin-induced apoptosis was associated with a marked induction of p53 expression and phosphorylation of Ser15. The treatment with cisplatin and BBR 3464 resulted in a different regulation of downstream effectors (Bax, p21 WAF1 ). These results are consistent with a specific recognition of different types of DNA lesions, resulting in different p53-dependent responses, and contribute to clarify the molecular mechanism regulating the cellular switch between apoptosis and growth arrest in response to DNA damage.
Results
Cellular outcome following exposure to platinumcontaining agents: cytotoxicity and cytostasis
In a human osteosarcoma cell line (U2-OS), BBR 3464 was about 20 times more potent than cisplatin in inhibiting cell growth; the IC 50 values, determined 72 h after 1 h drug exposure, were 0.8+0.2 and 13+2.5 mM for BBR 3464 and cisplatin, respectively ( Figure 1A) .
The drug effect was also examined by colony forming assay. In this assay, drug exposure was performed on small size colonies (4 ± 8 cells) exposed to the drug and then counted after about three cell cycles when untreated colonies consisted of more than 30 cells. Figure 1B shows the dose-response curves in terms of residual colony number. The number of colonies treated with cisplatin was substantially reduced at concentrations higher than 3 mM. The inhibition of colony number was dose-dependent with an almost complete disappearance after exposure to 100 mM cisplatin. In contrast, only a marginal effect of BBR 3464 was found up to 30 mM and a significant number of colonies was still observed after exposure to 100 mM BBR 3464. These results are consistent with a cytotoxic effect of cisplatin and a cytostatic effect of BBR 3464.
Relationships between antiproliferative effects and apoptotic cell death induced by platinum compounds
To determine whether drug exposure resulted in apoptotic cell death, we performed (a) fluorescence microscopy analyses of apoptosis-associated nuclear changes in PI stained cells, and (b) cytofluorimetric analysis of fragmented DNA of apoptotic cells by TUNEL assay. With both analyses, the percentage of apoptotic cells found at 72 h after drug exposure was higher with cisplatin than with the multinuclear platinum compound. Although specific markers of apoptosis could be detected at earlier times, in this study apoptosis was determined at 72 h, because at this time the maximum extent of apoptosis was found. With drug concentrations generating similar levels of Pt ± DNA adducts (50 mM for cisplatin and 16 mM for BBR 3464), BBR 3464 induced lower levels of apoptosis than cisplatin (Figure 2A,B) . No early (Figure 2A ) or delayed manifestations of apoptosis were found up to 144 h in BBR 3464-treated cells. Inhibition of cell growth induced by the multinuclear platinum compound was associated with a negligible extent of necrosis, as evaluated by annexin V binding assay (Figure 2A ). U2-OS cells treated with BBR 3464 appeared strictly adherent to the flask. Indeed, Figure 3 shows the relationship between the extent of drug-induced apoptosis and cell growth inhibition in the range of drug concentrations (50 ± 100 mM and 16 ± 50 mM for cisplatin and BBR 3464, respectively) causing a comparable marked antiproliferative effect. Under these conditions, which favour a prompt apoptotic response by cisplatin treatment, BBR 3464 exhibited a substantially reduced ability to induce apoptosis.
Cell cycle perturbations following DNA damage
An analysis of cell cycle perturbations was performed on cells exposed to cisplatin or BBR 3464 at different times after 1 h drug-exposure ( Figure 4 ). Drug concentrations inducing a similar antiproliferative effect and a comparable extent of DNA platination 2 (50 mM for cisplatin and 16 mM for BBR 3464) induced differential cell cycle perturbations. A marked and persistent increase in S-phase was observed at 24 h after treatment with 50 mM cisplatin. At the tested concentration, BBR 3464 caused a persistent accumulation of cells in G2/M-phase without disappearance of cells in G1-phase up to 72 h. Thus, the antiproliferative activity of BBR 3464 can be at least in part related to a persistent block in G1-and G2-phases. To examine the role of p53 in the response of U2-OS cells to DNA damage, p53 expression was examined at 6 and 24 h after a 1 h exposure to drug concentrations generating similar levels of Pt ± DNA adducts 2 ( Figure 5 ). Both agents caused an increase in p53 protein level which was more marked following cisplatin treatment. Cisplatin, but not BBR 3464, determined p53 protein phosphorylation at Ser15 as documented by using a phospho ± p53 Ser15 antibody. The phosphorylated protein could be detected 6 h following treatment ( Figure 5A ), but phosphorylation was more marked at 24 h ( Figure 5B ). Exposure to g-rays resulted in p53 phosphorylation at early time points (i.e. 1 h, not shown). Twenty-four hours after 1 h exposure ( Figure 5B), BBR 3464 induced up-regulation of p21 WAF1 , whereas cisplatin exposure resulted in p21 WAF1 downregulation. Similar effects were observed when cells were exposed to equimolar concentrations of cisplatin and BBR 3464 ( Figure 6A ). Moreover, exposure to 50 mM cisplatin but not BBR 3464, resulted in phosphorylation of the 32-kDa subunit of RPA ( Figure 6B ). When using drug concentrations capable of inducing similar amounts of p53 protein in U2-OS cells, Ser15 phosphorylation was (Figure 7) , lack of BBR 3464-induced up-regulation was found, and also cisplatin-induced p21 WAF1 down-regulation was marginally appreciable. Likely as a consequence of loss of p21 WAF1 function, U2-OS/175 cells exhibited a reduced ability to arrest in G1 phase under the impact of BBR 3464 ( Figure 8 ). No significant differences in cell cycle perturbations were observed between the U2-OS and U2-OS/e cells.
Induction of p53 phosphorylation by cisplatin was associated with a delayed increase of expression of the proapoptotic protein Bax (48 h after treatment; Figure 9) . Again, the effect of BBR 3464 was marginal.
In an attempt to support the general relevance of the effects described in the U2-OS osteosarcoma model system, we examined p53 phosphorylation at Ser 15 in other cell systems of different tumor types (e.g. ovarian carcinoma). When the IGROV-1 and A2780 cell lines were exposed to drug concentrations producing similar growth inhibition (IC 80 ), we observed induction of p53 phosphorylation by cisplatin but not by BBR 3464 (Figure 10 ).
Discussion
The peculiar behaviour of U2-OS cells with wild-type p53 in response to platinum compounds has provided the Figure 4 Time course of U2-OS cell cycle distribution after exposure to cisplatin or BBR 3464. Cells were harvested at different times and then fixed, stained with propidium iodide and analyzed by flow cytometry. One experiment representative of three is reported Figure 5 Western blot analysis of p53, phospho-p53 (Ser15) and p21 protein levels in U2-OS cells. Cells were exposed to drug concentrations generating similar levels of Pt ± DNA adducts for 1 h or to g-rays, and harvested 6 (A) and 24 h (B) after treatment. Control loading is shown by actin
Cell Death and Differentiation p53-mediated response to platinum complexes L Gatti et al opportunity for investigating p53-mediated response according to the type of DNA lesions. Multinuclear platinum complexes, containing two reactive platinum centers linked by a relatively long chain, were originally designed to form long-distance' DNA cross-links. 1, 16 Indeed, the multinuclear complex BBR 3464 is able to form DNA lesions different from those induced by cisplatin and to elicit a cellular response different from that of cisplatin. 2 The results of our study clearly document that BBR 3464 exhibited unusual features that could underlie the completely different pattern of cellular response compared to cisplatin. In spite of its marked antiproliferative potential and ability to bind to DNA, 2 the multinuclear platinum complex appeared unable to trigger marked apoptosis in a cell model which retains a wild-type p53 and an efficient apoptotic machinery, as documented by the apoptotic response to cisplatin ( Figure  2) . Indeed, the antiproliferative effects of BBR 3464 against U2-OS cells could be ascribed to a persistent arrest in G1 and G2 phases (Figure 4) . Such a cellular response is consistent with wild-type p53 function at these specific checkpoints. Relevant to this point is the up-regulation of p21 WAF1 by BBR 3464 in contrast to down-regulation by cisplatin. The role of p21 WAF1 regulation by wild-type p53 is clearly documented by introduction of a mutant p53 with a Figure 7 Western blot analysis of p21 WAF1 protein levels in U2-OS/e and U2-OS/175 cells. Cells were exposed to equimolar drug concentrations for 1 h and harvested 24 h after treatment. For p21 WAF1 low and high film exposures are shown. Control loading is shown by actin Figure 8 Cell cycle distribution of U2-OS/e and U2-OS/175 cells. At different times after drug exposure to cisplatin or BBR 3464, cells were fixed, stained with propidium iodide and analyzed by flow cytometry. A representative experiment is shown Figure 6 Western blot analysis of p53, phospho-p53 (Ser15), p21 WAF1 (A) and RPA (B) protein levels in U2-OS cells. Cells were exposed to equimolar drug concentrations for 1 h or to g-rays, and harvested 24 h after treatment.
Control loading is shown by actin
Cell Death and Differentiation p53-mediated response to platinum complexes L Gatti et al dominant negative effect, resulting in a reduced ability of BBR 3464-treated cells to arrest in G1 and in lack of p21 WAF1 up-regulation. In contrast, cisplatin caused a down-regulation of p21 WAF1 which could favour the decision toward the apoptotic response.
The most relevant finding of this study was a close association between cisplatin-induced apoptosis, Ser15 phosphorylation of the p53 protein and RPA phosphorylation (Figures 5 and 6 ). This kind of response found in U2-OS cells appears to be a general phenomenon, as Ser15 phosphorylation was induced by cisplatin but not by BBR 3464 in other cell systems (Figure 10 ). In contrast to cisplatin, BBR 3464 was unable to induce p53 or RPA phosphorylation and apoptosis in U2-OS cells under the same conditions, i.e. at concentrations causing a comparable antiproliferative effect. Relevant to this point is the observation that cisplatin-induced p53 phosphorylation could be detected at concentrations (50 mM) which caused a substantial apoptotic response. The precise role of p53 phosphorylation in regulating its function is still controversial. Previous studies have provided opposite interpretations about the physiological role of phosphorylation on transcriptional transactivation function. 10, 17 Activation of p53 transcriptional activity requires phosphorylation of multiple N-terminal serine residues, including Ser15. 18, 19 Ser15 phosphorylation could result in the accumulation of p53 via inhibition of MDM2 interaction and protein degradation. 12, 20 Both Ser15 and 20 appear to be important at least in the regulation of p53-mediated apoptosis. 21 Analysis of individual mutants revealed that mutations in these specific residues of p53 are primarily responsible for impairment of its apoptotic activity. 21 The relevance of phosphorylation of Ser15 for apoptosis has been emphasized by the observation that apoptosis induced by p53 gene transfer was partially inhibited by a p53 mutant at Ser15 in glioma cells. 22 Distinct pathways for growth arrest and apoptosis appear to be related to a selective induction of gene products specific for each pathway. Indeed, cisplatininduced phosphorylation of p53 was accompanied by induction of Bax (Figure 9 ), a well known pro-apoptotic factor. 23 This induction was clearly evident at a concentration causing substantial levels of apoptosis ( Figure 2 ). In contrast, cellular response to BBR 3464 was characterized by increased expression of p21
WAF1
( Figures 5 and 6 ), which is a major effector of p53-mediated growth arrest following DNA damage. 24 A similar pattern of up-regulation of Bax by cisplatin and p21 WAF1 by BBR 3464 has been observed in astrocytoma cells. 25 The different cellular responses of drug-treated U2-OS cells are reminiscent of those observed in the same cell line following genotoxic damage induced by different forms of radiation. 15 The latter study does not provide an explanation of the dual function of p53 in response to different types of genotoxic stress. On the basis of the findings of our study, it is tempting to speculate that the initiation of apoptosis is related to a differential recognition of specific DNA lesions resulting in different signaling processes. This interpretation, which implies the existence of multiple sensors mediating distinct cellular signals in response to different DNA lesions, is consistent with RPA and p53 phosphorylation ( Figures  5 and 6 ). RPA is implicated in recognition of Pt ± DNA adducts and in signaling of DNA lesions. 26, 27 The interaction between p53 and RPA is disrupted when RPA is phosphorylated following DNA damage, and the release of p53 allows the activation of downstream genes. 28 Phosphorylation of both RPA and p53 at Ser15 is performed by DNA ± PK or ATM. 27, 29 Our study does not rule out the possibility that other posttranslational modifications are involved in cellular response to different cytotoxic stresses, but it only emphasizes that diverse types of DNA lesions elicit a different p53-mediated cellular response, likely resulting in a different cellular outcome.
Finally, since the presence of a functional p53 is expected to induce a cytostatic rather than cytotoxic effect in response to the multinuclear platinum compound, a differential p53-dependent response to mononuclear or multinuclear platinum compounds could account for a reduced efficacy of BBR 3464 against preclinical models of human tumors with wild-type p53. Figure 9 Western blot analysis of Bax protein levels in U2-OS cells. Cells were exposed for 1 h to drug concentrations generating similar levels of Pt ± DNA adducts, and harvested 48 h after treatment. Control loading is shown by actin 
Cell culture conditions and treatments
The U2-OS osteosarcoma cell line (ATCC, HTB 96) was maintained in McCoy's 5A medium (Bio-Whittaker, Verviers, Belgium) supplemented with 10% fetal calf serum (Life Technologies, Gaithersburg, MD, USA). The A2780 and IGROV-1 ovarian carcinoma cell lines were maintained in RPMI-1640 medium (Bio-Whittaker) supplemented with 10% fetal calf serum (Life Technologies).
In all experiments, 24 h after seeding, cells were treated with different concentrations of cisplatin or BBR 3464 for 1 h and then incubated in drug-free medium for different times.
Transfection procedures
Stable transfectants of U2-OS cells were prepared by lipofection. Cells were seeded in 5 cm 2 diameter dishes and when they reached 70% confluency they were incubated with serum free medium containing 20 ml of lipofectin and 3 mg of plasmid DNA for 5 h. DNA consisted of a plasmid expressing a dominant-negative form of p53 mutagenized at site 175 (Arg CGC ? His CAC; kindly provided by Dr. C Harris, National Cancer Institute, Bethesda, MD, USA) or an empty vector for negative control. Stable transfectants were selected in the presence of G418 (400 mg/ml).
Cell sensitivity studies
Cell sensitivity to drugs was measured by growth inhibition and colony forming assays. In the former assay, adherent cells were trypsinized and counted at different times after drug treatment by a coulter counter (Coulter Electronics, Luton, UK). Cell growth inhibition was determined as per cent of treated cells relative to control cells. The results are the mean of at least three independent experiments. In the colony forming assay, 500 cells were seeded in 60 mm plates (Corning Costar, Corning, NY, USA) in triplicate and, when colonies were detectable (5 days after seeding), cells were treated with the drugs for 1 h. They were incubated in drug-free medium until colonies in control samples consisted of around 30 cells. Samples were stained with 1% crystal violet in methanol for 30 min, and then colonies formed of at least eight cells were counted by an inverse microscope.
Assessment of apoptosis and necrosis
Apoptosis and necrosis were detected by microscopic analysis of PIstained cells by TUNEL assay and by annexin V binding assay.
Floating and trypsinized cells were washed in phosphate-buffered saline (PBS), counted, fixed in 70% ice-cold ethanol and stained with a PI solution (30 mg/ml PI, 66 U/ml RNAse A in PBS) for 30 min. Cells were examined and counted for nuclear morphology by a fluorescence microscope.
In the TUNEL assay, cells (5610 5 ) were fixed in 4% paraformaldehyde for 45 min at room temperature. After rinsing with PBS, cells were permeabilized in a solution of Triton X-100 0.1% in sodium citrate 0.1% for 2 min in ice. Samples, washed with PBS, were then incubated in the TUNEL reaction mix (Boehringer Mannheim, Mannheim, Germany) for 1 h at 378C in the dark, resuspended in PBS and analyzed by flow cytometry (FACScan, Becton Dickinson, Mountain View, CA, USA).
For the annexin V reaction, cells (1610 5 ) were suspended in 195 ml of binding buffer (10 mM HEPES ± NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) and 5 ml of annexin (Bender System, Vienna, Austria) was added to each sample and incubated for 10 min. After washing, cells were resuspended in binding buffer containing PI (1 mg/ ml) and analyzed by FACScan.
Cell cycle analysis
Adherent cells were trypsinized, fixed and stained with a PI solution as described above. The cell cycle perturbations were measured by a FACScan flow cytometer equipped with an argon laser (Becton Dickinson). At least 10 000 cells were collected and evaluated for DNA content. Cell cycle distributions were calculated by LYSYS II software (Becton Dickinson).
Western blot analysis
Cell lysates were prepared according to Laemmli. 30 Briefly, samples (80 mg/lane) were fractionated by SDS-polyacrylamide gel electrophoresis and blotted on nitrocellulose sheets. Blots were pre-blocked for 1 h at room temperature in PBS containing 5% (w/v) dried non-fat milk. Filters were incubated overnight at 48C with antibodies to p21 WAF1 (Neomarkers, Union City, CA, USA), Bax (Pharmingen, San Diego, CA, USA), RPA (Neomarkers), p53 (Dako, Glostrup, DK, USA) or Phospho-p53 (Ser15) (New England Biolabs, Inc., Beverly, MA, USA). A rabbit anti-actin antibody (Sigma Chemical Co., St. Louis, MO, USA) was used as control for loading because actin expression is not modulated by drug exposure in our experimental conditions. Antibody binding to nitrocellulose blots was detected by chemiluminescence procedures (Amersham Pharmacia Biotech Italia, Cologno Monzese, Italy).
